remineralization of organic matter sequesters carbon in the ocean interior, lowering 31 atmospheric CO 2 . Dense subsurface water masses outcrop in the Southern Ocean, 32 providing exchange pathways between the deep ocean and the atmosphere. Vertical 33 exchange of water causes deeply sequestered CO 2 and nutrients to be mixed to the 34 surface, fueling high rates of phytoplankton productivity. Today, the Southern Ocean is 35 the principal leak in the biological pump, because export production is inadequate to 36 prevent the evasion of deeply sequestered carbon when waters are exposed to the 37 atmosphere. The polar CO 2 leak can be directly inhibited during glacial stages by factors 38 such as increased sea-ice cover (3) and/or changes in buoyancy forcing and convection 39 (4, 5). In addition, the glacial CO 2 reduction associated with these mechanisms would 40 have been amplified by iron fertilization of the Subantarctic Zone (SAZ) of the Southern 41
Ocean (6, 7) and associated alkalinity feedbacks (8). 42
Export production records from the Antarctic Zone (AZ) have been used to trace 43 changes in the rate of Southern Ocean overturning through time (9, 10). However, these 44 records only cover the last glacial cycle, restricting our understanding of the evolution of 45 the Antarctic component of this two-mode system by which the Southern Ocean regulates 46 the transfer of carbon between the ocean interior and the atmosphere over previous 47 climatic cycles. Here, we report a high-resolution relative elemental concentration record 48 from Ocean Drilling Program (ODP) site 1094 (53.2°S, 05.1°E; water depth 2,850 m) 49 (Fig. 1) , which traces changes in AZ export production over the past million years (SOM, 50
Figs S1 & S2). The time resolution achieved here rivals the measurement density typical 51 for Antarctic ice-core records. These observations are complemented with reconstruction 52 of 230 Th-normalized biogenic particle flux to the seafloor covering the last two glacial 53 terminations (Fig. 2) . 54
The pelagic sediment analyzed in this study is dominantly composed of 55 diatomaceous opal and terrigenous detritus, the latter of which is mostly ice-rafted, with a 56 minor contribution from aeolian material (11). Assuming that sedimentary iron (Fe) is of 57 detrital origin, barium (Ba) abundance normalized to Fe yields an estimate of the 58 sedimentary concentration of biogenic (or excess) Ba (bioBa), which serves as a tool to 59 reconstruct changes in the integrated flux of organic matter to the sediment (12). 60
Normalization by Fe assumes that the detrital fraction has not varied significantly in 61 The Ba/Fe record shows a strong climate-related signal ( Of the nitrate imported into the Antarctic surface today, only a portion derives 108 from Ekman upwelling, with the remaining deriving from wintertime vertical mixing 109 (20) . Given that the data suggest many fold lower export production during peak ice ages, 110
we infer that these changes in productivity likely require both a reduction in wind-driven 111 upwelling and an increase in density stratification. This is significant in that the latter 112 change would affect deep water formation, through which the Antarctic has its greatest 113 direct leverage on atmospheric CO 2 (21, 22). 114
Upon glacial terminations, large pulses of export production coincide with 115 prominent increases in atmospheric CO 2 concentrations reconstructed from Antarctic ice 116 cores (Figs. 2 & 3) . Flux determinations of three independent export production proxies 117 suggest that the export of organic matter increased by more than an order of magnitude 118 across the two last climate transitions (Fig. 2) . Reconstruction of past silicon and nitrogen 119 dynamics suggest that relative nutrient utilization did not rise sharply at the last glacial 120 termination (23), such that the rise in Ba and opal flux was a response to a large increase 121 in the nutrient supply to the euphotic zone. These increases in export were accompanied 122 by summer sea-surface temperature (SST) overshoots and abrupt disappearances of 123 winter sea-ice (17). Summer SSTs increased by more than 4°C in less than 5 kyrs for the 124 last five glacial terminations (17). While the sequence of deglacial events remains to be 125 resolved (9), the systematic and repeated glacial-to-interglacial rises in biogenic flux 126 (Fig. 3) point to a robust pattern of enhanced Southern Ocean overturning during 127
interglacials. 128
Moreover, we show that these glacial-to-interglacial export production increases 129
were accompanied by short-lived CaCO 3 spikes in these otherwise carbonate-poor 130 sediments (Fig. 3D) . We note that the preservation spike observed for the last glacial 131 termination is muted at this site, for reasons that remain unclear. The near-absence of 132 The decrease in deep water exposure following peak interglacial conditions, 139 indicated by declining export production, leads to CO 2 reduction, and this mechanism 140 appears to apply in particular to the early stages of glaciation. As a general rule, elevated 141 Antarctic export occurs during the peak interglacials, giving way to a major decline in the 142 early stages of glaciation (Fig. 3 C) , coinciding with the first half of the CO 2 decline into 143 each glacial period, 40-50 ppm (Fig. 3A, reaching ~225 ppm) . Remarkably, this is a 144 similar, if slightly greater, reduction to the estimate from numerical models for the CO 2 145 decline that should result from a strong reduction in Antarctic overturning (Brovkin et al., 146 2007; Hain et al., 2011) . While further declines in Antarctic export production occur later 147 in the glacial progression (Fig. 3C) , the associated CO 2 reduction associated with this 148 mechanism should have nearly saturated (2). However, based on data from ODP Site 149 1090 in the Subantarctic Zone (SAZ) to the north of ODP Site 1094, it appears that the 150 later stages of glaciation and climate cross a threshold at which the SAZ undergoes a 151 dramatic rise in productivity (Fig. 3F) (6, 24) coincident with increased dust-borne iron 152 supply to the SAZ from continental regions upstream in the westerly wind field ( Fig. 3E ; 153 21, 25, 26) . In the modern ocean, 158 there is upper ocean mixing across the fronts separating the AZ and SAZ (27). Thus, 159 during peak ice conditions, iron fertilization in the SAZ may have further depleted the 160 AZ of surface nutrients, contributing to the continued decline of AZ export production to 161 its glacial minimum. In any case, it is a remarkable characteristic of the two records that 162 the SAZ biological response begins when AZ productivity has reached the lower half of 163 its range (Fig. 3C and F) , with relatively little correlated variation between the AZ and 164 SAZ (Fig. 4) , and that the major changes in each correspond to roughly half of the 165 observed CO 2 variation (Fig. 4) . In summary, the paleoceanographic records from both 166 the AZ and SAZ merge with the numerical model estimates of Southern Ocean to provide 167 a coherent two-part Southern Ocean mechanism for the amplitude and timing of glacial 168 interglacial CO 2 change. 169
The potential for these two modes of the Southern Ocean to have different roles in 170 glacial/interglacial CO 2 change, first recognized in the context of the last glacial cycle (2, 171 16), is bolstered by the data reported here for the period of the "lukewarm" interglacials 172 (MIS 13-19). The lukewarm interglacials are characterized by reduced amplitude of the 173 ice-core δD and CO 2 records (Fig. 3) and a general decrease in global interglacial 174 temperatures that appears to be more pronounced in Southern Ocean SST records (28). 175
Given the potential dependencies of westerly wind position (29) and polar ocean water-176 column stability (30) on global temperature, the muting of the pCO 2 increase during the 177 lukewarm interglacials might have been linked to a reduced dynamic range of Antarctic 178 overturning, with the abyssal ocean thereby maintaining a larger reservoir of regenerated 179 carbon than in more recent interglacials (31). This hypothesis is supported by the 180 Antarctic Ba/Fe record (Fig. 3C) , which shows markedly reduced amplitude for the Ba/Fe 181 maxima associated with the lukewarm interglacials (Fig. 4, squares with open circles  182 along the x axis). Furthermore, this interval also generally has reduced deglacial CaCO 3 183 peaks (Fig. 3D) , which would suggest that proportionally less CO 2 was released from the 184 
